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-V 3+ redox system, relative to WO 3 .
Introduction
The selective catalytic reduction (SCR) of NO with NH 3 is widely employed for reduction of NO x emissions from stationary sources like gas, oil and coalfired power plants. The most well-known and commercially applied catalyst is vanadium well-dispersed on a titania support and promoted by WO 3 -(V 2 O 5 -WO 3 /TiO 2 ) [1] [2] [3] . The commercial catalyst has high activity and N 2 selectivity in NH 3 -SCR at 300-400 °C. To achieve this temperature the commercial catalysts are usually placed in the high-dust position, since the low dust-position in the flue gas stream requires reheating of the flue gas [4] .
Applying NH 3 -SCR for flue gas cleaning from biomass and waste incineration plants demands a highly active catalyst, which is able to withstand the high content of ash (impurities include K, Na and Ca) and SO 2 in the flue gas. The rate of deactivation is especially high for biomass and waste incineration plants [5, 6] , and therefore the tail-end configuration downstream of the flue gas desulphurization unit is recommended.
At the tail-end position the lower levels of SO 2 in the flue gas allow the use of catalyst formulations with higher V 2 O 5 contents and the low levels of dust allow the use of monoliths with a high geometric surface area. Further, the lifetime of the catalyst 4 is increased due to less deposition of dust and ammonium sulfates [7] . However, for tailend configuration it is necessary to install a more active catalyst capable of providing sufficient conversion at lower temperatures (approximately 200-250 °C). Thereby a minimum reheating of the flue gas should be applied. It is known that the selectivity towards N 2 during SCR conditions is a function of operating temperature and content of vanadium [1] . Thus at low operating temperatures catalysts with more reactive formulations (higher content of vanadium, promoters etc.) might be operated without compromising the selectivity towards N 2 .
Over the last decade there has been a great interest in the development of low-temperature SCR catalysts containing transition metal oxides such as Mn-Fe/TiO 2 [7, 8] and V 2 O 5 /TiO 2 [9] [10] [11] . Active formulations containing metals other than vanadium have not been widely commercialized because of issues with selectivity and sensitivity to SO 2 . Also there has been much attention towards developing a highly active vanadium formulation using sol-gel [9] , deposition precipitation [10] and sequential impregnation methods via high surface area titania hydrate carriers [11] . The sol-gel method affords catalysts with up to 20 wt.% vanadia which have shown excellent potassium tolerance.
However, the synthesis is relatively elaborate which might make its industrial implementation difficult. Recently, it has been reported that increasing the vanadia loading of catalysts prepared by impregnation can result in increased potassium tolerance [12] [13] . Another approach is to use HPAs promoters instead of the commonly used WO 3 . cavity and a gun diode microwave source. The microwave power was 6.5 mW, modulation frequency 100 kHz, modulation amplitude 8 G, microwave frequency 9.4-9.7
GHz. 2048 points were summed up over 4 scans in the interval 240-450 mT. Data treatment was performed with Matlab using EasySpin 4.5.3 [16] . Reference spectra for spin quantification were recorded with identical instrument settings on known solid solutions of VOSO 4 in K 2 SO 4 .
NH 3 -TPD experiments were conducted on a Micromeritics Autochem-II instrument. In a typical TPD experiment, 100 mg of sample was placed in a quartz tube and pretreated in helium flow at 100 °C for 1 hour. The sample was treated with anhydrous NH 3 gas (Air Liquide, 5% NH 3 in He) at 100 °C. After NH 3 adsorption, the sample was flushed with helium (50 mL/min) for 1 hour at 100 °C. Finally, the TPD operation was carried out by heating the sample from 100 to 600 °C (10 °C /min) under a flow of helium (50 mL/min). 
Catalytic activity measurements
The SCR activity measurements were carried out at atmospheric pressure in a fixed-bed reactor loaded with 50 mg of fractioned (180-300 µm) catalyst at a flow rate of 
Results and discussion
The results of N 2 -BET surface area are shown in Fig. 2 a) and Fig. 2 b) . were previously reported to be super acidic [14] . The super acidic nature of HPAs is due to their discrete and mobile ionic structure, which is tunable through the chemical composition. The NH 3 -TPD results are summarized in Table 1 . . It is expected that promoters are decreasing the impact of potassium on the active V-OH sites, which are responsible for initiating the SCR reaction through ammonia adsorption. The HPAs probably provide sacrificial acid sites as was reported earlier [14] .
In order to study the redox properties of catalysts, H 2 -TPR measurements were performed. The TPR profiles of 3 wt.% V 2 O 5 and 5 wt.% V 2 O 5 catalysts are shown in Fig. 3 a) and Fig. 3 b) [11, 19] . The difference in reduction temperatures for the catalysts is due to the combined effect of the vanadium content, promotor formulations and constituent elements associated in HPAs. By increasing the V 2 O 5 content from 3 to 5 wt.% an increase in the intensity of the vanadium reduction peak can be observed around 450 °C. , respectively [28, 31] . This observation as well as the NH 3 -TPD results given above indicates that increasing the vanadium content from 3 to 5 wt.% does not compromise the structure of poly acids.
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The signal at 1026 cm -1 observed for all the catalysts can be assigned to isolated surface vanadium oxide species [11, 30] . The spin Hamiltonian parameters were determined by simulations in EasySpin and are listed in Table 2 (detailed information and figures in S1, S2 and S3). From this it is seen that approximately 88% of the EPR signal on all catalysts is found in a broad isotropic line with g = 1.97 and a peak-to-peak width of 250 G. This species is similar to that observed for pure crystalline V 2 O 5 , and is assigned to tetragonal 5-or 6-coordinated vanadyl VO 2+ species [33] The line broadening is due to the amorphous nature of the sites as well as spin-spin interactions with neighboring V 4+ sites.
Species A with well-defined sharp lines in the EPR spectrum has spin
Hamiltonian parameters of g  = 1.97, g || = 1.90, A  = 208 MHz and A || = 560 MHz. This species can be assigned to a well-defined and magnetically isolated 6-coordinate vanadyl species [34, 35] . Another species, B also with sharp lines has parameters that are very similar to species A. Although the local coordination around vanadium is different enough to give a distinct set of peaks it is still assigned as a tetragonal vanadyl species. Doping the catalysts with potassium (100 µmol/g) resulted in a decrease in the SCR activity (Fig. 8) 
